In this study, we have developed an acoustic radiation force orthogonal excitation optical coherence elastography (ARFOE-OCE) method for the visualization of the shear wave and the calculation of the shear modulus based on the OCT Doppler variance method. The vibration perpendicular to the OCT detection direction is induced by the remote acoustic radiation force (ARF) and the shear wave propagating along the OCT beam is visualized by the OCT M-scan. The homogeneous agar phantom and two-layer agar phantom are measured using the ARFOE-OCE system. The results show that the ARFOE-OCE system has the ability to measure the shear modulus beyond the OCT imaging depth. The OCT Doppler variance method, instead of the OCT Doppler phase method, is used for vibration detection without the need of high phase stability and phase wrapping correction. An M-scan instead of the B-scan for the visualization of the shear wave also simplifies the data processing.
INTRODUCTION
Elastography is an imaging modality for the measurement of elastic properties. Clinically, the elastic properties of soft tissues are associated with the status of diseases. Elastography based on nuclear magnetic resonance imaging, ultrasonography and optical coherence tomography has been developed. Compared with magnetic resonance elastography 1 and ultrasound elastography, 2, 3 optical coherence elastography (OCE) has a much higher spatial resolution. 4 Because mechanical properties of living tissues are critical indicators of tissue pathological conditions, OCE offers great potentials for diagnosis of cardiovascular and ocular diseases.
OCE utilizes the OCT unit for detection of elastic vibration. However, different excitation techniques have been employed to generate an elastic wave in tissues, such as the non-contact focused air-puff device, 5, 6 ultrasonic transducer, 7-9 and a piezoelectric actuator. [10] [11] [12] In order to detect elastic properties of an internal tissue, the acoustic radiation force (ARF) has a greater advantage since it focuses on the deeper tissue and remotely induces the vibration.
In a previous ARF-OCE system, the acoustic force was parallel to the OCT detection direction. The vibration parallel to the OCT beam was detected by a Doppler phase method and the shear wave propagation perpendicular to the OCT beam was visualized by a B-scan. 13, 14 The alignment of the ultrasound focus and OCT focus was difficult if the ultrasound transducer and OCT lens were located on the same side of the sample. The Doppler phase detection required high stability and may have been distorted by phase wrapping. Moreover, this method could only detect the elastic properties in the shallow part of the sample due to the limits of the OCT imaging depth.
To overcome these limitations, we developed the ARFOE-OCE method, where the acoustic force is orthogonal to the OCT detection direction, the vibration perpendicular to the OCT beam is detected by a Doppler variance method instead of a Doppler phase method, and a shear wave is visualized by a simple M-scan during propagating from the ARF focus to the sample surface. The ARFOE-OCE system can stably measure the shear wave velocity with a simpler procedure without the need of high OCT phase stability; it measures the shear wave velocity at different depths within a location by using an M-scan. Moreover, by changing the ARF focus to a deeper axial position and measuring the time delay of the transverse vibration due to wave propagation, we can quantitatively estimate the shear modulus at a position beyond the OCT imaging depth. Therefore, the detection depth for the elastic modulus of the ARFOE-OCE system is much deeper than previous OCE methods. Figure 1 . Schematic of the ARFOE-OCE system including an OCT imaging unit and an ultrasound excitation unit. The acoustic radiation direction is perpendicular to the optical detection direction.
METHODOLOGY

ARFOE-OCE System
A schematic of the ARFOE-OCE system is shown in Figure 1 . The ARFOE-OCE system contains an OCT imaging unit and an ultrasound excitation unit. For ARF generation, an ultrasonic transducer is driven by the amplified sine wave with the frequency of 4.5 MHz. The swept source OCT system with a central wavelength of 1310 nm and an A-line speed of 50 kHz is used for the OCT imaging. Ninety percent of the light form laser goes to the sample arm and the other ten percent goes to the reference arm. In the sample arm, after the light passes through a galvo scanning mirror, low-coherent light is focused on the phantom through a scan lens. A dual-balanced detection scheme is adopted to obtain the signal. The tissueequivalent phantom is placed in a container with a thin-film window for the ultrasound pass. The thin-film container and ultrasound transducer are immersed in water. For detection of the shear wave, the OCT M-scan, including 2000 A-lines at a rate of 50 kHz, takes a total 40.0 ms during which the ultrasound transducer generates two bursts of 1.0 ms for ARF excitation at the 1st A-line and at the 1001 A-line, respectively, as two repeats of the measurement. The acoustic radiation direction is perpendicular to the OCT detection direction. 
Doppler Variance Method
Doppler variance methods can be employed to extract the vibration information in transverse direction from OCT data. [16] [17] [18] [19] Both intensity-based Doppler variance (IBDV) and phase-resolved Doppler variance methods can be used to measure the transverse vibration. Here, the IBDV method is used to explain the measurement principle, since both IBDV and phaseresolved Doppler variance methods provide similar results.
In the IBDV method, the vibration intensity is directly related to the intensity-based variance 2 , which is calculated by the following equation:
where , 2 is the variance at ℎ A line and ℎ depth, and , is the complex signal at ℎ A-line and ℎ depth. Unlike the Doppler phase method, the phase term is removed from the variance method so it can eliminate the distortion due to phase fluctuation. Furthermore, no phase wrapping correction is required for the variance method, and thus, the data processing is simplified.
Stiffness Estimation
After the visualization of the shear wave propagation, the shear modulus can be calculated from the shear wave velocity with the following equation:
where , is the shear modulus and , 2 is the propagation velocity of the shear wave at the lateral location x and the depth z. is the density of the tissue-equivalent phantom.
Since the soft tissue is nearly incompressive, Poisson's ratio can be considered as 0.5. Therefore, the relationship between the shear modulus and Young's modulus is provided by the following equation:
RESULTS AND DISCUSSION
Using the ARFOE-OCE system, we first measured the shear wave velocity in a homogeneous 0.6% agar phantom. In order to measure the shear modulus beyond the OCT imaging depth, which could not be achieved by previous methods, we moved the transducer downward with a known step ∆D by a mechanical Z stage and then measured the time delay (T2-T1) for the wave arriving at the same observation point in the OCT imaging area. The schematic of the measurement method is shown in Fig. 2 . After the ARF excitation of 1.0 ms, the induced vibration propagated from the ARF focus to the surface of the phantom in the Doppler variance image. The average shear wave velocity between the two ARF positions, which are beyond the OCT imaging depth, can be determined by the following equation:
where T1 and T2 are the propagation time of elastic wave to the OCT observation point from the upper ARF focus position and lower ARF focus position, respectively. ∆D is the distance between the upper ARF focus and lower ARF focus. In Figure 3 , the time delay for the wave arriving at the surface can be detected when the ARF focus is moved downward. Right shifts of the vibrations can be observed when the transducer is moved downward because the vibrations will be delayed when the shear wave travels a longer distance. The velocity of shear wave propagating from a lower ARF focus position to an upper ARF focus position is equal to 1.1 m/s for 0.6% agar phantom. The corresponding shear modulus calculated is 1.2 kPa. The detection depth depends on the shear wave attenuation and the OCT system sensitivity. By moving the ARF positions and detecting the time delay, the OCE measurement depth extends beyond the OCT imaging depth. Next, we measured the shear wave velocity in a two-layer agar phantom. Figure 4 shows the shear wave propagation in a two-layer phantom where the top layer contains 0.6% agar and the bottom layer contains 0.8% agar. 
CONCLUSION
In this study, we developed an ARFOE-OCE method for the measurement of shear wave velocity. This system can measure the shear modulus beyond the OCT imaging depth. A Doppler variance method used for the detection of sample vibration in this system doesn't require high OCT phase stability. Using an M-scan instead of a B-scan for visualization of the shear wave also simplifies the data processing. Using this system, we directly measured the propagation velocity of the shear wave at different depths of one location with an M-scan. By moving the ARF focus to a deeper position and measuring the time delay of detected transverse vibration, we can calculate the shear modulus beyond the OCT imaging depth.
